Abstract: Lamellar macular holes are a vitreoretinal condition characterized by abnormalities in foveal contour with splitting of the neuroepithelium and often an intact photoreceptor layer. Recent developments in high-resolution imaging have increased our ability to study the details of the vitreoretinal interface and to distinguish between different forms of lamellar holes. A new classification is needed to help clinicians in the management of lamellar macular holes. Some clinicians prefer to observe these clinical entities, especially when visual acuity is maintained or alterations of the photoreceptor layer are present. Nevertheless, lamellar holes may sometimes progress, and visual acuity can deteriorate. On the other hand, surgical treatment may lead to positive anatomical and functional outcomes, but not without risks. This review provides a critical overview of the available data on lamellar macular holes, focusing on diagnosis and managing options.
Introduction
The first description of a lamellar macular hole (LMH) was reported by Gass in 1975 . He described an LMH as an oval reddish macular lesion on biomicroscopy in a patient affected by cystoid macular edema. 1 Nowadays, with the aid of the high-resolution optical coherence tomography (OCT), many more morphological features of the LMH have been identified and described. 2 A definition of LMH has been established by the International Vitreomacular Traction Study. LMH is morphologically described as a retinal condition characterized by a partialthickness defect of the fovea, separation between outer and inner retinal layers, irregular foveal profile, and persistence of the foveal photoreceptor layer. 3 Although this description allows easy differentiation of this condition from a fullthickness MH (FTMH), other parameters should be considered. LMHs might present different grades of photoreceptor disruption, with interruption of the ellipsoid layer. LMHs may also be accompanied by an epiretinal membrane (ERM), and in this case a potential role in LMH pathogenesis should be considered. 4, 5 The involvement of photoreceptors at the ellipsoid zone leads to worse visual acuity (VA) compared to those with an intact photoreceptor layer. 5 This pattern can be assessed by OCT, and is a predictor of poor vision in patients with LMHs. 6 Two subtypes of ERM have been identified according to OCT features:
ERM with high reflectivity, and ERM with homogeneous medium reflectivity, named lamellar hole-associated epiretinal proliferation (LHEP). 7 Although OCT helps in defining the features that characterize a lamellar hole, a deeper understanding of the pathophysiology of LMH is still missing.
Currently, the scientific community agrees upon the recognition of two subtypes of LMH: tractional and degenerative. Tractional LMH presents conventional ERM with an intact ellipsoid layer (Figure 1 ), while the degenerative form displays a schisis-like configuration, LHEP and often ellipsoid-layer disruption ( Figure 2 ). [7] [8] [9] Most patients affected by LMH remain stable over years. Few develop more severe visual loss with signs of progression on OCT and eventually a FTMH. 10 Not only does the morphological heterogeneity of LMHs cause diagnostic difficulties, but the poor understanding of the causes and natural history of lamellar holes causes incomplete consensus in terms of managing and approaching this challenging retinal condition.
Diagnostic armamentarium
OCT has become the gold standard in the diagnosis of LMH. 11 OCT is a noninvasive, high-resolution imaging technique clinically available for evaluation of retinal morphology. It allows assessment of vitreoretinal interface disorders by visualizing details of the relationship of the posterior hyaloid to the retina. 12 OCT represents a more accurate tool for the diagnosis of LMH than biomicroscopic examination. Different studies have displayed how only a limited percentage of LMHs (27%-36%) were correctly diagnosed on biomicroscopy.
2,13
From its first description in 1991 by Huang et al, OCT has become an essential medical tool in ophthalmology to visualize the posterior pole.
14 Time domain (TD) OCT uses a light source and a moving reference mirror, comparing the time delay of light waves scattered from the Figure 2 Degenerative lamellar macular hole identified by round-edged intraretinal cavitation, "foveal bump", and epiretinal proliferation of medium reflectivity. Figure 1 Optical coherence tomography of a tractional lamellar macular hole, characterized by epiretinal membrane with surface wrinkling, sharp intraretinal split, and "schisis-like" appearance.
retina to generate the images. 15 The success of TD-OCT has been doubled with the advent of spectral domain (SD) OCT, which offers the advantages of Fourier transformation. Compared to TD-OCT, SD-OCT permits increased speed of image acquisition and axial resolution, resulting in higher sensitivity to detect details of the vitreoretinal interface. 16 Rao et al demonstrated the superiority of SD-OCT in detecting the presence of ERM preoperatively, with sensitivity of 79% versus only 21% for TD-OCT. 17 The latest addition to OCT technology is angiography (OCT-A): this new technique built on the OCT platform provides high-resolution images of blood flow in the retina and choroid. 18 Analysis and understanding of LMHs have benefited greatly from OCT technology and its ability to show details of the posterior pole. OCT is not only essential in the description and workup of LMHs but also plays a role in differentiating LMHs from FTMHs and other similar conditions, such as macular pseudoholes.
2 SD-OCT can measure multiple different parameters in a standardized way, which becomes helpful in monitoring morphological changes in MHs. Among these parameters, several authors have focused on central foveal thickness (CFT) and diameter of the hole. 2, 11, 19 In this contest, Haochine et al reported that LMHs present with a significantly thinner retina at the macular center when compared to pseudoholes. Also, both horizontal and vertical diameters of the macular aperture appear to be greater in LMHs than in pseudoholes. 2 It is debated if CFT may be a correct parameter to detect signs of anatomic evolution of LMHs over time and/or deterioration of VA. 10, 19 In a report of 41 LMHs followed for a mean period of 37 months, the diameter of LMHs increased by 14%, and this enlargement was associated with the presence of ERM. During the same time frame, mean FT and mean best-corrected VA (BCVA) decreased by 10% and 6.4%, respectively. BCVA deteriorated in eleven eyes, and eight patients lost more than five ETDRS letters. 19 In contrast, a study where 34 LMHs with ERM were followed for a mean period of 18 months reported no significant changes in BCVA or FT. Two eyes (5.8%) developed FTMHs after 6 and 15 months. 10 With the improvements in OCT, a new stage of ultrahigh-resolution visualization of retinal anatomy has been reached. It is now possible to take two-dimensional crosssectional images of the retina in vivo, which has shed light on the pathology of MHs. 16 The definition of LMH has thus been revisited, with four basic criteria defined according to OCT images and based on the integrity of the external retinal layers. 3 Assessing the presence of an ERM associated with an LMH has emerged as an important step in the clinical evaluation of LMHs. A case series of 125 eyes included all types of non-FTMH, and were analyzed with SD-OCT technology. 5 All cases enrolled in the study showed a hyperreflective linear structure on the inner retina, suggesting that ERM may be a factor in the development of non-FTMHs. ERM has been reported in 89% of patients with LMHs, and it can be distinguished in two subtypes based on OCT: a thin, highly reflective line separated from the retinal nervefiber layer (RNFL), and an unusual aspect of a moderately reflective substance between the inner border of the ERM and the RNFL. 13 Recently, authors described an advantage of SD-OCT technology: the en face scan. En face SD-OCT technology allows the clinician to view specific retinal layer length and width, including the ellipsoid layer. Those are important parameters for VA outcome in patients with MHs and ERM. 6 En face OCT can also permit visualization of the presence of a contractive epicenter of ERM. Several studies have reconsidered the distribution of ERM and retinal folds, displaying how an intraretinal separation in the LMH can be due to a different pattern of tractional force on the fovea. Among these, different class of tangential traction associated with ERM have been defined: unidirectional, pluridirectional, and concentric patterns of traction. 20, 21 Another helpful technique in the diagnostic flow of MHs is fundus autofluorescence (FAF). FAF represents a fast approach in evaluating the retinal pigment epithelium by working on the intrinsic light emitted by retinal cells after stimulation by excitation energy. 22 In normal conditions, autofluorescence of the retinal pigment epithelium beneath the fovea is low, since the overlying macular pigments (lutein and zeaxanthin) absorb the exciting light.
When an LMH occurs, it creates a defect in retinal layers, and without the masking effect of the macular pigments, foveal autofluorescence is increased. 22 Recently, it was suggested that this fluorescence gain seen in MHs may be due to the absence of the outer plexiform layer, where pigments are mostly concentrated. 23 Data from other studies indicate that images acquired through FAF examination are a rapid way for differential diagnosis and followup of MHs, whereas OCT remains the gold standard. Additionally, some authors have suggested that FAF may be used to predict visual outcomes in patient candidates for surgery.
11,24
Recently, an additional method has been proposed for evaluation of MHs: swept-source OCT-A. OCT-A technology uses light reflectance of moving red blood cells to represent vessels precisely on different retinal areas. Studies have reported how choriocapillaris vascular density is a relevant parameter in differential diagnosis between FTMH and LMH. They also suggested that choriocapillaris vascular density and choriocapillary flow were involved in MH development. 25, 26 Anyway, swept-source OCT-A may have different pitfalls in the evaluation of vitreoretinal disease, and other studies are warranted to establish the role of OCT-A technology in this field.
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Natural history
The clinical course and spontaneous evolution of LMHs have been extensively assessed. Studies on the natural history of LMHs suggest that this condition tends to remain stable over time or eventually to progress very slowly. 5, [8] [9] [10] Patients with lamellar macular defects may experience decreased VA with or without metamorphopsia and develop anatomical signs of progression on OCT. 4, 19 Different groups have focused their attention on morphological and clinical changes of lamellar holes in the long term, also in order to assess the factors that are associated with visual loss (Table 1) . Several authors have pointed out that LMHs may be associated with different subtypes of ERM and argued that ERM may play a role in the pathogenesis and prognosis of LMH. [7] [8] [9] 27, 28 Although they used different terminology and definitions, most agreed on the fact that lamellar holes are virtually always accompanied by an ERM and that two families of epiretinal tissue can be detected. A conventional type of ERM features as a hyperreflective band above the RNFL on OCT and usually shows tractional forces. Another form of ERM has been revealed by OCT as a thick homogeneous layer of material with medium reflectivity on the epiretinal surface without tractional features. This second type has been named "atypical" ERM or LHEP. Müller cells seem to be major players in the pathophysiology of LHEP. 27 It has been observed that the two types of ERM are often associated with specific features of LMHs that possibly involve Müller cells. Two clinical entities may be described by SD-OCT: "tractional" and "degenerative" lamellar holes. The tractional type is a conventional ERM that can exert tangential forces on the retinal surface, inducing a "schisis-like" appearance, due to stretching of the retinal layers, while the ellipsoid layer is usually intact. Degenerative LMHs are characterized by the presence of LHEP and round-edged intraretinal cavitation with ellipsoid-zone disruption and sometimes signs of atrophy of retinal pigment epithelium. 8 Features of both conventional ERM and LHEP may coexist in a portion of lamellar holes -10%-46%. [7] [8] [9] 29, 30 Data on 35 idiopathic LMHs followed for 24 months showed no significant changes in BCVA in one study. 9 However, residual FT significantly decreased and maximal diameter of intraretinal splitting significantly increased, demonstrating (according to the authors) that LMHs are a rather slowly progressing clinical entity, as opposed to a stable condition. 9 The evolution of LMHs with and without LHEP has also been assessed for a mean period of 25 months. The number of eyes that showed a decline of 0.3 logMAR VA was three of 62 in the LHEP group (5%) and three of 83 in the group of eyes without LHEP (4%). SD-OCT revealed that 18% of eyes with LHEP showed morphological progression compared with 13% of eyes without LHEP (P=0.49). 7 Other authors followed both degenerative and tractional LMH for a mean period of 34 months. They found no significant changes in terms of VA or macular thickness in either group at the end of follow-up. 8 Therefore, even if in this large study LMH proved to be a stable condition with no significant clinical signs of progression, a slow tendency toward anatomical progression was observed in both subgroups, since mean inner and outer diameters of holes increased significantly from baseline to the end of follow-up in about 50% of eyes. 8 Based on the different OCT features and clinical evolution of LMHs, authors have suggested that more studies are necessary to explain the specific differences among LMH subtypes. In particular, it is not clear if tractional and degenerative MHs are two completely different clinical entities or two sequelae of the same pathology. Some lamellar holes followed with OCT for many years show a conventional ERM exerting traction on the retina that over time transformed to a homogeneous material with medium reflectivity (LHEP), bridging from the bottom of the hole to the inner retinal surface. 8 A sort of repair process may be hypothesized in these cases. 27 A precise classification of LMHs based on their OCT characteristics and clinical evolution would be helpful to standardize indications for surgical treatment.
Others articles have focused on CFT with OCT during follow-up of patients with LMHs. This parameter allows broad quantification of retinal defects in lamellar holes. Recently, it has been showed that CFT appears to be lower in LMHs with LHEP than in eyes with LMHs without LHEP. 30 This seems to be related to greater involvement of the outer retinal layers by LHEP and may correlate with worse BCVA in patients with LHEP. [7] [8] [9] [10] 29 Another study found no difference between eyes with and without LHEP for any given parameter, except for the presence of disruption in the ellipsoid zone. 23 Damage to the ellipsoid zone has been reported as a common finding in patients affected by the degenerative form of LMHs, rather than eyes without LHEP. 7, 30 Oster et al showed a significant correlation between disruption of the ellipsoid zone and worse VA in patients affected by LMHs with LHEP. 6 They proved that the combination of macular thickness and presence or absence of photoreceptors on the ellipsoid layer was the best predictor of poor VA in follow-up of 54 eyes with LMHs and LHEP. It should be mentioned that although it is a rare occurrence, some LMHs naturally evolve into FTMHs -1%-4%. 7, 8, 11, 30 Surgical strategies
Among retina surgeons, no agreement has yet been reached on the management of patients with LMHs. It is debated whether these entities should be treated or just observed. Currently, the procedure proposed by most vitreoretinal surgeons is pars plana vitrectomy with ERM and internal limiting membrane (ILM) peeling. The goal is to reestablish the typical foveal profile, remove tractional forces, and allow resolution of the intraretinal edema. 31 The utility of vitreous tamponade (air or gases) at the end of surgery is debated. Vitrectomy without tamponade seems to be as effective as using air or gas. 32, 33 Sato et al recently investigated the surgical outcomes of vitrectomy for LMHs with or without air tamponade (23 vs 18 eyes). BCVA improved in both groups after surgery, with no significant differences between the two groups, suggesting that air-fluid exchange is not required for LMH surgery. 34 However, there is no full consensus on surgery. In particular, surgical recommendations seem to be more frequent in some regions (ie, Europe) than in others (ie, the US). Vitrectomy and ERM peeling is usually proposed when a patient complains of worsening of VA, OCT shows signs of anatomical progression, such as reduction in central macular thickness and/or enlargement of the LMH, and above all the presence of metamorphopsia. 27 Promising results have been shown on postoperative metamorphopsia after ERM peeling, possibly because surgery removed the tractional forces distorting the photoreceptor layer. 21 The value of retina surgery with ERM/ILM peeling seems to be especially relevant in tractional LMHs, where conventional ERM plays a principal role in LMH pathogenesis. Surgical treatment of degenerative lamellar holes remains controversial. 28, 35, 36 Discordant results have been reported in the literature regarding visual gain after vitrectomy in patients with LMHs ( 39 Androudi et al operated on 20 LMHs associated with ERM performing a 25 G three-port vitrectomy with ILM peeling preceded by staining with trypan blue and followed by C 3 F 8 tamponade. After 12 months, BCVA had improved in 17 (85%) eyes by a mean of 2.6 Snellen lines (P=0.002) and remained stable in three eyes. 38 Casparis et al followed for a median 8 months 45 operated eyes with LMHs and ERM. Mean BCVA improved from 0.4 to 0.13 logMAR (P<0.0001), with 26 (58%) eyes gaining at least two ETDRS lines after surgery. 37 Another retrospective study compared 19 eyes with LMHs that had undergone pars plana vitrectomy with ILM peeling and 21 eyes with LMHs that were just observed. Mean BCVA improved from 0.54 to 0.33 logMAR in the operated group and decreased from 0.51 to 0.55 logMAR in the control group. Two eyes developed FTMHs after surgery. 40 Parolini et al performed vitrectomy with ERM/ILM peeling in 19 eyes. Mean BCVA improved from 0.4 to 0.2 logMAR (P=0.01). The improvement in VA was significant in patients with both LHEP and tractional ERM. Three LHEP patients developed FTMHs. 27 Michalewska et al reported on 26 operated LMHs followed for 12 months. 32 Mean VA went from 20/100 presurgery to 20/40 postsurgery, with 24 eyes improving by at least two Snellen lines. The size of the lamellar defect had no influence on final VA. Sun et al examined the surgical results of 30 patients with LMHs secondary to ERM that underwent ERM and ILM peeling. 33 Mean BCVA improvement was 3.4 Snellen lines after a mean follow-up of 17 months. Lee et al presented data on 30 patients that underwent pars plana vitrectomy with ERM/ ILM peeling for LMH. 41 BCVA improved in 19 (63%), stayed the same in six (20%), and decreased in five (17%) eyes. Mean BCVA went from 20/63 to 20/50 after a mean period from surgery of 18 months (p=0.002). Visual benefit from surgery was only observed in patients with an intact ellipsoid layer, FT >100 µm, and initial BCVA better than 20/100. Lee et al reported on 31 eyes with LMH, showing BCVA improved by two Snellen lines in 18 eyes (58%) and decreased in two eyes (6.5%), leading to a mean gain of 0.18 logMAR after surgery (mean followup 39 months). 42 Notably, less favorable results were disclosed in a series of 16 eyes with LMHs followed for a mean 32 months after surgery. 13 Postoperative mean VA did not significantly increase after pars plana vitrectomy (20/158 to 20/118). Only 31% of patients had any improvement in VA, and 44% regained relatively normal retinal contour on OCT postoperatively. Two patients with foveoschisis on preoperative OCT developed a FTMHs postoperatively. 13 Authors have recently focused on different visual outcomes in patients with and without LHEP. It has been reported that vitreous surgery cannot produce a significant improvement in VA in patients with degenerative LMH and LHEP. 43 Surgical treatment in LMH patients carries notinconsiderable risks. Some vitreoretinal surgeons suggest caution before recommending vitrectomy. due to the notuncommon risk of inducing an iatrogenic FTMH or disruption of the photoreceptor layer. 35 These complications of vitrectomy appear to be more frequent in patients with degenerative lamellar holes and LMHs with LHEP rather than without LHEP, possibly because of the connection of LHEP with the inner retina. 44 Cataract is a quite common consequence of vitrectomy. Several surgeons have suggested performing cataract surgery at the same time as vitrectomy. 36, 43 Although clinical reports on outcomes of vitrectomy for LMHs often lack details on lens status, a large study on LMHs focused on the effects of different The role of cataract is often underestimated in these patients. Indeed, in some patients with LMH, vision after cataract surgery may improve to a point that they may not desire more surgery. Similarly, outcomes of vitreous surgery may be overestimated when cataract surgery is performed at the time of vitrectomy: vision may improve mainly because of cataract removal (and not ERM/ILM peeling). OCT is also key in evaluating outer retinal layers: if damage to the ellipsoid layer can be demonstrated before surgery, then then the patient should be made aware of potentially poor visual outcomes after vitrectomy. On the other hand, it could be conservatively concluded that a select group of patients with symptomatic LMHs and significant epiretinal traction may benefit from surgery. Nevertheless, it should be mentioned to the patient that up to 20% of patients undergoing vitrectomy for LMHs experience significant visual loss, 28 and after surgery, the occurrence of a full-thickness macular lesion is not uncommon in these patients. 27, 28, 35, 36, 39, 40 LMHs are an extremely interesting condition where intraretinal and epiretinal forces play a unique role. Clinical monitoring of lamellar holes by OCT over time may be laborious, but may save some patients from useless surgery or complications of vitrectomy. Surgery for LMHs may be challenging, since special care should be used to reduce the occurrence of postoperative FTMHs (ie, minimizing centripetal tractions to the fovea during ERM/ILM peeling). Prospective controlled studies are warranted to establish the correct management of these patients.
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